The use of radiolabeled nucleosides and nucleic acid bases to estimate the rates of RNA and DNA synthesis in naturally occurring microbial assemblages requires numerous assumptions, several of which are evaluated herein. Comparative time series analyses of the uptake and incorporation, labeling specificity, and extent of catabolism of [2-3H] The uptake and incorporation of radiolabeled nucleosides and nucleic acid bases provide a meaningful experimental approach for the study of the metabolism and in situ growth kinetics of microorganisms in nature. The various methods described rely upon the incorporation of either thymidine (1, 3, 8, 9, 21, 29, (31) (32) (33) , adenine (12-15), or uridine (1, 18) as presumed measures of polynucleotide (DNA and RNA) synthesis. Although there is continuing debate on this issue, it can be stated without reservation that the mere incorporation of nucleic acid precursors into cold acid-insoluble cellular materials cannot be accepted as a measure of the in situ rates of RNA or DNA synthesis without a careful and comprehensive consideration of: (i) the community potential for assimilating the exogenous precursors, (ii) the existence of intracellular and extracellular pools of structurally related compounds which dilute the specific radioactivity of the incorporated molecules, (iii) a detailed analysis of the pathways and regulation of precursor metabolism including the balance between de novo synthesis and salvage pathways (i.e., utilization of exogenous pools), and (iv) the specificity and extent of macromolecular labeling. If microbial ecologists intend to use sophisticated physiological or biochemical approaches for studies of microorganisms in natural environments, the methods must be applied with the same rigor as they would be in their parent disciplines lest they lose the significance of their intended use.
The uptake and incorporation of radiolabeled nucleosides and nucleic acid bases provide a meaningful experimental approach for the study of the metabolism and in situ growth kinetics of microorganisms in nature. The various methods described rely upon the incorporation of either thymidine (1, 3, 8, 9, 21, 29, [31] [32] [33] , adenine (12) (13) (14) (15) , or uridine (1, 18) as presumed measures of polynucleotide (DNA and RNA) synthesis. Although there is continuing debate on this issue, it can be stated without reservation that the mere incorporation of nucleic acid precursors into cold acid-insoluble cellular materials cannot be accepted as a measure of the in situ rates of RNA or DNA synthesis without a careful and comprehensive consideration of: (i) the community potential for assimilating the exogenous precursors, (ii) the existence of intracellular and extracellular pools of structurally related compounds which dilute the specific radioactivity of the incorporated molecules, (iii) a detailed analysis of the pathways and regulation of precursor metabolism including the balance between de novo synthesis and salvage pathways (i.e., utilization of exogenous pools), and (iv) the specificity and extent of macromolecular labeling. If microbial ecologists intend to use sophisticated physiological or biochemical approaches for studies of microorganisms in natural environments, the methods must be applied with the same rigor as they would be in their parent disciplines lest they lose the significance of their intended use.
At present there are at least three separate approaches available for quantitative measurements of RNA and DNA synthesis. However, this field is currently in a period of rapid expansion and I am aware of several additional methods which are also being considered. Consequently, I consider it a valuable exercise to critically evaluate the data which are currently available so as to better focus our future research efforts. Karl and co-workers (12) (13) (14) (15) have discussed the theoretical principles and have systematically evaluated the validity of the numerous assumptions inherent in the use of
[3H]adenine for estimating simultaneous rates of microbial RNA and DNA synthesis. As currently employed, this method can be used to measure total microbial (bacterial and unicellular algal) production. However, if used in carefully selected environments (e.g., anoxic sediments, deep ocean, etc.) or in conjunction with size fractionation procedures (2), the [3H]adenine approach may be used to assess predominantly bacterial rates of growth (RNA) and cell division (DNA). There are still, however, several assumptions that need to be carefully evaluated with cultures and field samples. Fuhrman and Azam (8, 9) have proposed the use of [3H]thymidine to measure specifically bacterial DNA synthesis in mixed microbial plankton assemblages. Bacterial Fig. 1 . For RNA, DNA, and protein separations (Fig. 1, scheme A ) the samples were washed three times with 5% TCA and twice with 95% ethanol (all at 4°C) before evaporation in vacuo. The insoluble materials were hydrolyzed in 1 N NaOH for 1 h at 37°C by using the modified Schmidt-Thannhauser procedure (14, 22) . Quantitative separation of RNA and DNA is based upon differential susceptibility to alkaline hydrolysis, DNA remaining in a form precipitable upon acidification. The pellet containing DNA and protein was washed twice with 5% TCA, twice with 95% ethanol (all at 4°C), evaporated to dryness in vacuo, and extracted in hot 5% TCA (100°C, 30 min). This step hydrolyzes the DNA, leaving the protein insoluble. The pellet was again washed and evaporated to dryness before a final extraction in 1 NaOH at 37°C for 18 (13, 14) . Nevertheless, the data presented herein are at least internally consistent such that differences in labeling specificity between individual samples are believed to reflect variations in the metabolism of the radioactive precursors and are not analytical artifacts.
(iH) Radiochemical inventories. In addition to measuring the uptake and assimilation of the radiolabeled precursors into the various classes of acid-insoluble cellular macromolecules, an investigation was undertaken to separate and quantify the extracellular radio- Stepwise procedure for the fractionation of total cell-free radioactivity into separate chemical classes.
activity. Figure 2 summarizes the individual procedures used to fractionate the labeled materials found outside the cells. An activated charcoal procedure (14) was used to separate the nucleic acid precursors (and structurally related molecules) from their dissimilation by-products, and low-temperature vacuum evaporation was used to separate the 3H-labeled organics from 3H20 ( Fig. 2) .
RESULTS AND DISCUSSION
Kinetics and specificity of macromolecular labeling. The reliability of radiotracer experiments designed to estimate the rates of nucleic acid (RNA, DNA, or both) synthesis requires a careful assessment of the mechanism(s) and regulation of uptake, the pattern(s) of intermediary metabolism, and the extent and specificity of macromolecular labeling. Figure 3 22) and since the extensive labeling of "RNA" in environmental samples was unexpected, an additional experiment was conducted to add credibility to these results. In this second experiment, RNA was estimated by difference between RNA + DNA and DNA; the former was determined by using a technique designed to eliminate any possibility of partial protein hydrolysis (see Fig.   1 , scheme B), and the latter was determined by using the standard DNA procedure (see Fig. 1 , scheme A). A summary of the results is presented in Table 2 . These data confirm the labeling of cellular RNA, and demonstrate that the activity previously measured in the "RNA" fraction was not simply the result of partial and irreversible protein hydrolysis during the NaOH digestion step of scheme A (Fig. 1) . Table 3 summarizes the results of an experiment designed to further evaluate the nature of the metabolic pathways involved in the observed nonspecific labeling by exogenous
[3H]thymidine. It should be mentioned that this experiment was performed with equal initial radioactivities (not equal molar additions) so the data for the individual classes of macromolecules have been normalized to total acid insoluble incorporation and presented accordingly. It is apparent from this summary that a greater percentage of thymidine-derived radioactivity is deposited as DNA with the 2-14C precursor than with the methyl-3H isotope. Moreover, the proportion of label incorporated into cellular RNA is greatly reduced when 2-14C is used, indicating that transmethylation of the methyl-3H moiety is at least in part responsible for the nonspecific labeling patterns. Labeled protein, on the other hand, must arise through catabolism of the pyrimidine ring since a greater percentage of the 2-"4C label is incorporated. Although these differences may be due, in part, to differences in the concentrations of thymidine added (note differences in specific radioactivity, Table 3 ), they do serve to demonstrate the complexity of the pathways which exist for the assimilation of certain nucleotide derivatives and emphasize the necessity for a comprehensive characterization of the label in the cells to achieve a complete understanding of precursor metabolism.
Effects of isotope dilution and estimation of precursor specific radioactivity. There is no apparent disagreement among the various investigators that measurement of the specific radioactivity (e.g., nCi pmol-1) of the immediate precursor pool (i.e., ATP and dATP for adenine; dTTP for thymidine; UTP for uridine) is absolutely essential for accurate estimates of the rates of nucleic acid syntheses (8, 12, 21, 33) . The only disagreement is in the methods used to estimate the specific activity of the cellular nucleotide triphosphate pools. In addition, there is an obvious need for the rigorous separation and purification of the presumed labeled materials (DNA or RNA). Without this necessary information on precursor-product labeling, uptake data alone are insufficient to calculate the mass flux of materials into stable nucleic acid pools. Tables 4 through 6 (8) , the specific radioactivity of the dTMP incorporated into DNA (i.e., nCi pmol-1) must be identical to that of the added radiotracer. This conclusion ignores the contributions of de novo synthesis and internal cycling of nucleic acid base moieties, which might represent the greatest source of isotope dilution (14) . The only way to accurately assess the combined effects of extracellular and intracellular dilution of the specific radioactivity of the introduced precursor is through direct measurements of the specific radioactivity of the immediate nucleotide triphosphate precursor pool (12) (13) (14) (15) 21) . Tables 5 and 6 ing) of the ATP pools also increased in a constant proportion such that the final calculated rate of RNA synthesis was independent of the initial concentration of [3H]adenine (Tables 5   and 6 ). Since the final calculated rate of RNA synthesis for the mixed microbial assemblage (i.e., bacteria plus microalgae; Table 6 ) is unaffected by a 100-fold increase in adenine, it does not appear as though competition for adenine is a problem, otherwise one might have expected to observe an apparent increase in the total community rate of RNA synthesis as [3H]adenine was made available to a greater proportion of the population.
Furthermore, one might make the argument that since the effect of isotope dilution with the Krauss Pond sample was small, the specific activity of the incorporated adenine must have been equal to the introduced precursor specific activity (8) . This is clearly not the case, as the measured specific radioactivities of the ATP pool never exceeded 15% of the value of the [3H]adenine originally added (2 nCi pmol-1 versus 15 nCi pmol-1; a Added to a final radioactivity of 0.1 1Ci ml-', which is equivalent to an addition of 1.25 pmol of thymidine b Added to a final radioactivity of 0.1 ,Ci ml-', which is equivalent to an addition of 1.82 nmol of thymidine ml-'.
rates of DNA synthesis might be expected to underestimate the actual rates by a factor of up to an order of magnitude. This might help explain the discrepancies between the realistic and conservative estimates of DNA synthesis recently calculated by Fuhrman and Azam (9) .
As an alternative to the direct measurement of the specific radioactivity of the nucleotide precursor pool, Moriarty 1-h incubation under in situ conditions. b A 6-h incubation under in situ conditions. c A 5-h incubation under in situ conditions. ics of precursor-derived tritium incorporation into the individual classes of compounds can be used to evaluate the pathways and intermediary metabolism of the exogenous nucleic acid bases and nucleosides under in situ conditions. The data for [3H]adenine conform to the present model for its assimilation by bacterial cultures and aquatic microbial communities with primary labeling of RNA and DNA (via ATP and dATP, respectively), variable labeling of protein (presumably via ATP required for histidine biosynthesis), and the production of 3H20 (12) (13) (14) (15) . The assimilation of exogenous [3H]uridine by marine and freshwater communities proceeded with the Response of the microbial community to added precursor. Implicit in the application of nucleic acid precursor metabolism as a means of assessing microbial community growth in nature is the assumption that all microorganisms (or a unique subset of the total community; e.g., all bacteria) have the ability to utilize the exogenous materials in preference to de novo synthesis. This assumption has been evaluated and confirmed for the use of [3H]adenine with bacterial and algal cultures (14, 15 ; D. Karl, unpublished results) (Tables 5 and 6 ). However, one substantial criticism of the [3H]adenine approach as currently employed is the implicit assumption that all cellular ATP pools are in isotopic equilibrium. At present, a biomass-activity-weighted mean ATP pool specific activity is measured, and from this value and the total amount of
[3H]RNA and [3H]DNA produced a mean community RNA or DNA rate is calculated. If the variance among the individual cellular ATP pool specific activities is large, the variance in the estimated rates will likewise be large. This possibility has not yet been systematically evaluated, but it is known that laboratory cultures of algae yield ATP pool specific radioactivities which are indistinguishable from those measured in bacteria under identical laboratory conditions, implying that the two diverse groups of microorganisms have the ability to salvage a similar percentage of their required nucleic acid precursors from the environment. In addition, the mean ATP pool specific radioactivities measured for different size fractions of naturally occurring microbial communities support the notion that diverse groups of microorganisms have similar salvage capabilities under in situ conditions (15 a All isotopes were added at approximately 400 nCi ml-', which corresponded to additions of 27.3 pmol (adenine), 4.9 pmol (thymidine), and 16.7 pmol (uridine). b Refers to the operational definitions given in Fig. 1 and 2. c The 120-min uridine sample (extracellular) was lost in processing.
Grivell and Jackson (10) have noted that micro-natural ecosystems are available, we will still organisms lacking thymidine kinase incorporate need to evaluate the validity of the numerous exogenous radiolabeled thymidine with less assumptions used to extrapolate these measured specificity than organisms possessing the pre-rates to microbial growth rate and production ferred salvage pathways. This suggestion is sup-estimates which are generally desired for comported by preliminary experiments performed in parison with other field data. However, the our laboratory with P. lutheri, which exhibits potential significance of the ecological informaequivalent labeling of both RNA and DNA after tion to be derived from estimates of in situ rates short-term (<1 h) 
